The present work focuses upon shear-driven liquid film evaporative cooling of high heat flux local heater. Thin evaporating liquid films may provide very high heat transfer rates and can be used for cooling of high power microelectronic systems. Thermocapillary convection in a liquid film falling down a locally heated substrate has recently been extensively studied. However, non-uniform heating effects remain only partially understood for shear-driven liquid films. The combined effects of evaporation, thermocapillarity and gas dynamics as well as formation of microscopic adsorbed film have not been studied. The effect of evaporation on heat and mass transfer for 2D joint flow of a liquid film and gas is theoretically and numerically investigated. The convective terms in the energy equations are taken into account. The calculations reveal that evaporation from film surface essential influences on heat removal from local heater. It is shown that the thermal boundary layer plays significant role for cooling local heater by evaporating thin liquid film. Measured by an infrared scanner temperature distribution at the film surface is compared with numerical data. Calculations satisfactorily describe the maximal surface temperature value.
INTRODUCTION
Flow of nonisothermal shear-driven liquid films in channel is a rich in fundamental physics problem. Stability of joint flow of liquid film and gas is a complex problem that has not been fully studied up to now (Hanratty and Engen 1957 , Hewitt and HallTaylor 1970 , Jurman and McCready 1989 , Alekseenko and Nakoryakov 1995 . The shear and normal stresses induced at the interface by the gas flow are responsible for film instabilities that yield nonlinear patterns (or waves), which are of crucial importance in the heat transfer process. Temperature gradients at the gas-liquid interface produce thermocapillary forces. Marangoni convection in moving liquid (Demekhin and Potapov 1989 , Kabov 1998 , Frank 2003 , Skotheim et al. 2003 has an essential influence on heat transfer intensity and may lead to film rupture . Non-uniformly heating effects influences on heat and mass transfer (Kabov 1998 , Gatapova et al. 2005a . The influence of the gas phase on the interfacial phenemona remains a challenging issue in modeling. Evaporation process is many-sided problem (Burelbach et al. 1988 , Mezaache and Daguenet 2000 , Haut and Colinet 2005 . Thin evaporating liquid films may provide very high heat transfer rates, especially in the micro region near contact-line (Potash and Wayner 1972 , Stephan and Busse 1992 , Ajaev 2005 , and can be used for cooling of high power microelectronic systems ). Shear-driven film evaporator ) is a set-up where heat is transferred to a very thin liquid film driven by a forced gas or vapor flow in a microchannel. Diversity of macroscopic and microscopic factors occurs in such physical process.
The combined effects of evaporation, thermocapillarity and gas dynamics as well as formation of microscopic adsorbed film have not been studied. The study of these phenomena requires the targeted local measurements and the development of theoretical models aimed to improve the physical understanding of the problem by comparison of the predictions with the experimental data. 
NOMENCLATURE

THE PROBLEM STATEMENT
We consider a channel with rectangular cross section, the height of which, H, is much less than its width B. A layer of viscous incompressible liquid is moving in the channel under the influence of the gas flow as well as under gravity force for a channel inclined at an angle ϕ with respect to horizontal. A local heat source is embedded into the bottom wall (Figure 1 ). It is supposed that the surface tension depends on temperature
and that σ 0 , σ T =const >0. The steady two-dimensional motion of evaporating liquid film and gas in the channel is described by Navier-Stokes, continuity, energy, and convection-diffusion equations (Gatapova et al., 2005a,b) . In the framework of the mathematical model we consider heat and mass transfer problem for rigid liquid film and gas flow, using velocity profiles found from problem of rigid isothermal laminar film flow and co-current gas flow.
Boundary conditions:
The velocity in the gas flow is 2-3 orders of magnitude larger than in the liquid. This fact gives an opportunity to consider evaporated substance as an impurity of small concentration in gas poorly influencing its thermodynamic properties. It is assumed that the total mass flow rate of evaporated liquid much less than total mass flow rate of flowing liquid film and has no effect on film flow. These two last assumptions may cause a limitation on intensity of the heating.
Condition (6) has the following meaning. Temperature as well as gas pressure variations influence on gas-liquid interface concentration. The problem conditions consider that Nitrogen pressure variation is insignificant; its effect on concentration variation is negligible. The dependence on pressure is important when pressure drop is noticeable (approximately beginning from 10 %), what is not observed in our problem. Hence, for given temperatures T 0 , T 1 and gas total pressure (equals to normal pressure) we can find concentrations with the help of Mendeleev-Clapeyron equation using saturated vapor pressure tabulations. Then we find coefficients С 0 and С 1 considering linear approximations of equilibrium concentration on temperature. Thus for obtaining boundary condition (6) out of equilibrium state equation we do three simplifications: 1. equilibrium concentration depends on temperature only; 2. Mendeleev-Clapeyron equation is valid; 3. vapor concentration in the gas-liquid interface depends linearly on temperature.
Equilibrium concentration at the surface of evaporating liquid is supposed linearly depend on surface temperature ( )
The calculations are made for Water and Nitrogen. We use Mendeleev-Clapeyron equation
when initial temperature is T 0 =17 o C and possible temperature deviation is T 1 -T 0 =20 o C, these coefficients have values C 0 =0.0173 and C 1 =0.0013.
A value of contribution two last terms in heat transfer equation (2) was missing from the very outset. Therefore the problem is calculated in more general statement with work and dissipation terms. We make special calculations to clarify its contribution (Figure 2 ). The influence of work and dissipation on film temperature is insignificant, discrepancy of temperatures is observed on gas phase. A temperature drops in gas phase are small in comparison with temperature drops in liquid film. Hence, insignificant influence of two last terms of equations (2) does not signify on temperature distribution of liquid film. Since all the presented results are calculated taking into consideration two last terms of equations (2) this terms are reserved in formulation. Let us to notice that in microchannels the effects of viscous dissipation as well as work can be important even laminar flow.
ANALYSIS OF INVESTIGATION
The evaporation effect on heat transfer from local heater to liquid film moving by a gas flow was studied by Gatapova et al. (2005a,b) . It has been shown that influence of convective heat transfer mechanism in liquid film is becoming stronger with increasing film Reynolds number and length of thermal boundary layer increases. The dependence of Biot number on parameters of the flow and spatial variables was obtained numerically. The dependence of Biot number on the longitudinal axis has a sectional-hyperbolic character. It was shown that approximation by constant Biot number can be a source of high uncertainty in studying nonlinear dynamics of locally heated shear-driven liquid films.
The presented below results are aimed to analyze the enhancement of heat transfer from local heat source. Intensive evaporation starts when thermal boundary layer gets the film surface. The film thinner the rapidly thermal boundary layer gets the film surface. Film thickness can be regulated by increasing gas Reynolds number as well as decreasing channel height (Figure 3) . Also a beginning of intensive evaporation depends on heater length. If heater size is relatively small and film is relatively thick, then thermal boundary layer does not get the surface on heating area and evaporation process less intensive (Figure 4) . Hence for fixed channel height gas flow rate increasing leads to film thinning when liquid flow rate the same and enables to remove more quantity of heat from heater due to evaporation, such thin liquid films exposed to rupture though. Figure 3 demonstrates a contribution of different heat transfer mechanisms in cooling process of local heater (microelectronic component). Calculations are performed for three cases: 1. convection to the liquid film exists only; 2. convection to the liquid film and gas takes place; 3. evaporation and convection to the liquid and gas take place. All three heat transfer mechanisms are important for relatively small Reynolds numbers. Evaporation presence decreases the heater temperature on 16 o C (Fig.3a) and 24 o C (Fig. 3b) 
COMPARISON WITH EXPERIMENTAL DATA
Design of experimental test is presented and described in Kabov (2006) . In the experiments the test section is set horizontally. Water and air are used as the working liquid and gas, respectively. Experiments are carried out at atmospheric pressure and 20-22 °C. Initial temperature of the gas 22-25 °C coincides with ambient temperature. Channel height is 2 mm.
Temperature distribution at the film surface is measured by an infrared (IR) scanner. The experimental and theoretical data on water-air interface are compared (Figures 5, 6) . The boundary condition on bottom wall is (Marchuk and Kabov 1998) . In new experimental data of joint liquid and co-current gas flow , which are compared, maximal liquid surface temperature position shifts up the stream, i.e. it is in point a little left far from heater end. The fact has not explanation for the time present. More probably this discrepancy is due to the boundary condition disagreement. In experiments an epoxy is around the heater, heat spreading is to all appearances. And condition q=const is not kept. It is necessary to note that such maximal temperature shift can be concerned with thinning liquid film (Gatapova et al. 2004 at heater end in experiments and intensive evaporation in this area. It is physical phenomenon and mathematical heat mass transfer model does not consider film deformation influence. As shown in Gatapova et al. (2004) the thermocapillary film thinning is observed at the end of heater and in consequence of covering evaporation it can start nonlinear processes. Using the mathematical model we can find theoretically the limit of heat flux for appointed wall maximal temperature T wmax (Fig. 7) .
Experiments have found that the critical heat flux at which an initial stable dry patch forms is up to 3 times higher than that for a gravitational liquid film. The present theoretical results predict that evaporation intensity depends on film thickness. One may conclude the existence of critical film thickness for each regime beginning of which nonequilibrium processes may occur. A new experimental and theoretical data are need. 
CONCLUSIONS
The recent progress that has been achieved through conducting numerical modeling as well as comparison with experimental data has been discussed. Thin liquid films may provide very high heat transfer intensity however, development of cooling system based on thin film technology requires significant advances in fundamental research, since the stability of joint flow of locally heated liquid film and gas is rather complex problem and rupture of the film may occur.
Evaporation effect on heat transfer has been analyzed numerically and it is shown that evaporation changes dramatically temperature distribution and hence thermocapillary forces on the gas liquid interface. It is shown that evaporation essentially influences the heat removal from local heater when thermal boundary layer length is short relatively to heater length. Evaporation intensity depends on initial film thickness, heater and channel sizes and gas flow rate.
Measured by an infrared scanner temperature distribution at the film surface is compared with numerical data.
Calculations satisfactorily describe the maximal surface temperature value T surmax.
